We report changes in the abundance of vitellogenin (Vg) mRNA, and concentration of haemolymph Vg and ovarian vitellin (Vn) in Anopheles gambiae following infection with Plasmodium yoelii nigeriensis . A parasite-induced reduction in Vg mRNA abundance was first detected 24 h after feeding on an infective blood meal, when ookinetes were invading the midgut. During a second gonotrophic cycle postinfection, developing oocysts reduced Vg mRNA abundance by up to 33% and the effect was detected from 2 h post blood meal. Concentrations of Vg were initially reduced by infection during the second cycle, as predicted from Vg mRNA measurements. However, after 24 h, excess Vg had accumulated in the haemolymph. This accumulation may be due to impaired uptake, since ovarian vitellin accumulation was significantly decreased by infection during both gonotrophic cycles.
Introduction
In common with many parasitic infections of invertebrates, malaria induces changes in vector behaviour and physiology. These affect the fitness of the mosquito and include a consistent reduction in reproductive success Ahmed et al. , 1999) . Host fecundity reduction may be an adaptive strategy on the part of the host (Forbes, 1993) or the parasite (Obrebski, 1975; Read, 1990) whereby metabolic resources are directed away from host egg production, thus decreasing the virulence caused by nutrient robbery and increasing the potential life span of the parasite / host .
The rodent malaria, Plasmodium yoelii nigeriensis , causes a significant reduction in the fecundity of both Anopheles stephensi Jahan & Hurd, 1998) and An. gambiae , the major vector of falciparum malaria in sub-Saharan Africa (Ahmed et al. , 1999) . The latter exhibited a 41% reduction in the number of eggs produced in the gonotrophic cycle immediately following an infective blood meal. This effect has also been observed in An. gambiae which has been naturally infected with P. falciparum . It is not the result of depleted nutrient intake as, in our studies, mosquitoes undergoing infection-associated fecundity reduction imbibe the same size of blood meal, and digestion proceeds normally Jahan et al. , 1999; Taylor & Hurd, 2001) . In infected An. stephensi , significant ovarian follicle atresia occurs midway through the gonotrophic cycle . This has been associated with the induction of apoptosis in both follicular epithelial cells and nurse cells (Hopwood et al ., 2001) . As a result of follicular resorption, the vitellin (Vn) content in the ovaries is reduced and vitellogenin (Vg) accumulates in the haemolymph of this species (Jahan & Hurd, 1998) . However, no previous investigation has examined whether the effects of malaria infection on mosquito vitellogenesis extend to the fat body. The objective of this study was to determine whether P. y. nigeriensis infection affected Vg mRNA abundance and other aspects of vitellogenesis in An. gambiae , as a prelude to discovery of parasite and host molecular mechanisms underlying fecundity reduction.
The synthesis of nutritive egg proteins takes place in the mosquito fat body, the exclusive site of Vg synthesis in the great majority of insects (Hagedorn & Judson, 1972; Valle, 1993) . Vg genes have been cloned from An. gambiae (Romans et al. , 1998; P. Romans, unpublished data) . Briefly, the Vg gene family in this species consists of three or four tandem genes, three in genomes lacking the Ikirara 1 insertion in an inter-Vg gene region, four in genomes containing it, and, regardless of the presence or absence of the transposable element, one additional dispersed Vg gene. All Vg genes are located at the same cytogenetic location, 18A/B on chromosome 2R. Southern blot analysis of the gene family and nucleotide sequence of the tandem genes (GenBank accession no. AF281078) has indicated that Vg genes are virtually identical in their protein coding regions. In addition, the predicted protein products of An. gambiae Vg genes are highly identical to that of the abundantly expressed Aedes aegypti VgA1 gene (Romans et al. , 1995; GenBank accession no. L41842) .
In this study we used a cloned fragment from the An. gambiae Vg1 gene to investigate changes in Vg mRNA abundance in response to a blood meal and the effect of Plasmodium infection on this expression through two gonotrophic cycles. We also used antibodies raised against Vn to quantify Vg in haemolymph and Vn accumulation in the ovaries. In addition, we compared the fertility of oocystinfected and uninfected An. gambiae to demonstrate that the molecular and physiological effects we were observing actually resulted in a reduced fecundity. Thus, we have monitored several aspects of the process of vitellogenesis in An. gambiae during two phases of malaria infection -the initial establishment of infection and the early growth of oocysts on the mosquito midgut.
Results
The effect of Plasmodium infection on Vg mRNA abundance Initially, we monitored the rise and fall of Vg mRNA abundance during the first gonotrophic cycle of uninfected An. gambiae by probing dot-blots with the cloned fragment of the Vg1 gene. Vg mRNA was initially detected at 1 h and increased in abundance to plateau between 28 h and 36 h (results not shown). However, although this profile is consistent, the timing of peak abundance varies slightly from one generation of mosquitoes to another (personal observations).
The experimental protocol we used to compare Vg mRNA abundance in uninfected and infected mosquitoes during two gonotrophic cycles post-infection is illustrated in Fig. 1 . Prior to the first gonotrophic cycle, the mosquitoes were fed on either infected or uninfected mice whereas, prior to the second cycle, both infected and uninfected mosquitoes were fed on uninfected mice. In a first experiment, six time-points post blood meal (PBM) were selected for sampling whereas, in a repeat experiment, sampling was reduced to four time points. Figure 2 is an autoradiograph of a Northern blot showing changes in the temporal abundance of Vg and ribosomal protein S7 transcripts from uninfected and infected females during the second gonotrophic cycle. Ribosomal protein S7 mRNA (Salazar et al. , 1993) proved to be a reliable loading control, as had been found by Luckhart et al . (1998) in their studies of midgut gene expression, since approximately equal abundance was observed throughout the gonotrophic cycle.
During the first 24 h of the 1st gonotrophic cycle, no differences in Vg mRNA abundance were detected between control and infected mosquitoes. However, by 36 h PBM, there was an average 35.1% reduction in Vg mRNA abundance in infected mosquitoes. This difference was not statistically significant, possibly because of the large signal variance that was detected between different samples at this time (Fig. 3A) . During the second gonotrophic cycle, after a non-infective blood meal, Vg mRNA abundance was significantly reduced in Plasmodiuminfected females from 2 h through to 24 h PBM, the time at which levels peaked (Fig. 3B,C) . The maximum reduction in Vg mRNA abundance was 32.75%, which occurred at 24 h. A second experiment, performed on a different generation of An. gambiae under similar infectivity conditions, confirmed these results (Fig. 3D,E) . The maximum reduction recorded in this experiment was 26.9%. During the first cycle, Vg mRNA was again reduced midway through the first gonotrophic cycle ( P = 0.054 at 24 h PBM).
Disease parameters relating to the mice used in these experiments, and mosquito size and infection data, are given in Tables 1 and 2 , respectively. In all experiments, mouse weights, temperatures and blood PCV were within the narrow range known to cause no detectable difference to mosquito egg production because mosquito feeding behaviour and the protein content of the blood are not significantly affected at this stage of infection Taylor & Hurd, 2001; Hurd, unpublished results) . If the mosquitoes are allowed to feed to repletion, the size of the blood meal taken is related to their body size (Briegel, 1990) , which can be assessed by measuring wing length. Mosquito size was used in this study as an indirect measurement of blood meal size, since the experimental protocol precluded the measurement of blood meals either by haemoglobinometry (Briegel et al. , 1979) or haematin excretion . Mosquito wing lengths did not differ significantly between treatment groups. Thus, the observed changes in Vg mRNA abundance should be due to Plasmodium infection rather than to intrinsic differences in mice, mosquitoes or blood meal size. Total parasitaemia in the mice ranged from 7.7 to 9.3% of erythrocytes infected. 90-95% of the mosquitoes became infected with oocysts.
The effect of Plasmodium on Vg and Vn titres
Haemolymph Vg concentration peaked earlier and was significantly reduced at 30 h following an initial infective blood meal compared with that of females fed on uninfected Figure 3. Vitellogenin mRNA abundance in uninfected (white bars) and Plasmodium-infected (black bars) An. gambiae, during the 1st and 2nd gonotrophic cycles (A and B). The experiment was repeated (D and E) for the 1st and 2nd gonotrophic cycles, respectively. Total RNA (10 µg) from whole male (M), sugarfed females (F) and blood-fed females (at different times post-blood meal) was assayed by quantification of signals on Northern blots after 2 h exposure to phosphor screens. The Northern blots used in (B) were also re-exposed to phosphor screens for 10 h in order to visualize the weak Vg mRNA signals at 2 h and 8 h (C). Vg transcript abundance was normalized against ribosomal protein S7 mRNA. Data from six treatment replicates (A, B, C and E) and 10 replicates (D) at each time point were analysed using two-way ANOVA. Error bars represent the mean ± SE. *Significant difference between group means (Tukey's test, P < 0.05).
mice. By 36 h PBM, Vg haemolymph titre was declining in both uninfected and infected females and the significant differences between the two groups had disappeared. Furthermore, infected mosquitoes had slightly, but nonsignificantly, more Vg remaining in the haemolymph at 48 h. By 36 h PBM, the ovarian Vn content of these infected females was significantly reduced relative to the uninfected ones (Fig. 4B) .
In contrast, the presence of developing oocysts caused significant alterations in Vg concentrations throughout the second gonotrophic cycle. The early decreases in haemolymph Vg titre mirrored the reductions in Vg mRNA abundance. However, haemolymph Vg accumulated to significantly higher levels from 24 h to 36 h in infected mosquitoes (Fig. 4C) . Furthermore, significantly less Vn accumulated in the ovaries of infected females relative to non-infected females at all time points during this second gonotrophic cycle (Fig. 4D) .
Mouse disease parameters and data concerning mosquito size and infection were similar to those in Tables 2  and 3 and could not account for the differences in Vg and Vn that we observed.
Egg production
In common with a previous study of the effect of P. y. nigeriensis on the first gonotrophic cycle of An. gambiae (Ahmed et al. , 1999) , the total number of eggs laid by parous females was significantly reduced in the presence of developing oocysts, as was the percentage of laid eggs that hatched to first instar larvae (Table 3) . Thus egg viability, as well as fecundity, was significantly reduced when oocysts were present. All the infected females in this study contained more than fifty oocyst /midgut. The number of eggs matured by a mosquito is related to both the quantity and quality of the blood meal (Briegel & Rezzonico, 1985) . It is also affected by the teneral reserves and size of the mosquito . In our experiments these parameters were standardized as far as possible. In particular, mosquito size, as this acts as an indirect indicator of blood meal size. Thus differences in the number of eggs produced could not be attributable to differences in the size of the control or infected mosquitoes, or to blood quality or the body temperature of the mice they fed on (data not shown, but similar to Table 1 ).
Discussion
Factors such as nutrient supply and mating status are known to modulate the production of eggs in many insects via alterations in the synthesis and / or uptake of yolk protein and resorption of developing follicles (Kubli, 1986; Bownes & Reid, 1990; Sondergaard et al. , 1995) . Our results show that infection with the protozoan parasite P. y. nigeriensis also affects many aspects of the process of vitellogenesis in an important malarial vector, An. gambiae . Potential explanations for these changes include the possibility that Plasmodium infection may disrupt multiple stages of vitellogenesis in a malaria-stage dependent manner. Alternatively, the parasite may initiate an ovarian pathology that feeds back negatively on the fat body.
The impact of the parasite is not apparent immediately after the mosquito feeds on an infective blood meal because, initially, the process of vitellogenesis appears to proceed normally. This suggests that intrinsic differences in the plasma content of malaria-infected mouse blood, such as elevated cytokines or nitric oxide (Cao et al. , 1998; Fleck et al. , 1994 ) that could have an immediate effect on vitellogenesis, do not do so. Alternatively, if they do, the effects have a time lag. During these initial hours following an infective blood meal the parasites are not in contact with mosquito tissue as they are developing into the invasive, ookinete stage within the blood meal bolus (Killick-Kendrick, 1973) . We observed that, under our experimental conditions, ookinete numbers in the midgut lumen of An. gambiae peaked at 20 h (data not shown). Ookinetes progressively invade the midgut from the time of first appearance in the blood bolus and transform into oocysts extracellularly between the basal labyrinth and the basal lamina at around 24 h PBM (Syafruddin et al. , 1991; Sinden, 1998) . This invasion thus coincides with the time at which vitellogenesis is first affected. We propose that the invasion of midgut cells may initiate signals that directly or indirectly cause the changes we detect in the fat body and the ovary. Ookinete invasion and transformation to oocysts has previously been shown to increase the abundance of several gene transcripts in the midgut and non-midgut carcass of P. berghei infected anopheline mosquitoes. Richman and coworkers observed a threefold induction of defensin and Gram-negative bacteria-binding genes in An. gambiae 24 h after feeding on infected blood (Richman et al. , 1997) and a strong induction of the An. stephensi nitric oxide synthase gene occurred in infected mosquitoes 1-3 days post blood meal (Luckhart et al. , 1998) . The products of these genes are associated with the mosquito defence system. No. of eggs laid (mean ± SE) % Egg Hatch (mean ± SE) 1st GC 2nd GC 1st GC 2nd GC 1st GC 2nd GC U 3.02 ± 0.04 2.96 ± 0.02 89.7 ± 8.0 55.5 ± 3.8 78.4 ± 6.2 90.6 ± 1.8 I 3.00 ± 0.03 2.98 ± 0.01 37.0 ± 9.8 42.4 ± 4.6 46.3 ± 10.7 74.3 ± 6.6 P 0.96 0.47 0.005* 0.04* 0.02* 0.04* U: uninfected; I: infected; P: probability derived from Student's t-test. *Statistically significant difference (n = 20). Table 3 . Effect of malaria infection on the fecundity and fertility of An. gambiae during the 1st gonotrophic cycle (1st GC) (data from Ahmed et al., 1999) and 2nd gonotrophic cycle (2nd GC).
Here we have shown, for the first time, that malaria infection can also cause a decrease in mosquito gene transcripts. We first detected a decrease in Vg mRNA steady state levels at 24 h PBM (Fig. 3A,D) , when ookinetes were invading and transforming into oocysts. This difference was only significant at a P-value of 0.054, however. Due to the small sample size that we were able to analyse (initially six replicates and ten replicates in the repeat experiment), we believe that this decrease in Vg mRNA represents a biologically meaningful result and that, once the ookinetes begin to invade the midgut, the infection has a negative effect on vitellogenesis in the fat body. Haemolymph Vg titres also remained unaffected until the parasite had made contact with the mosquito midgut, where after they were reduced significantly. This 50% drop in titre in infected mosquitoes was also noted in a pilot study (data not shown). It may be a result of the decrease in Vg mRNA abundance that is observed after 24 h, which would result in reduced Vg synthesis and secretion into the haemolymph of infected females.
Shortly after the decrease in haemolymph Vg, these initial stages of infection also resulted in a significant decrease in the Vn content of ovaries from infected mosquitoes. We have observed that this parasite has a similar effect on the ovarian Vn content of another malarial vector, An. stephensi. However, in the latter species, accumulation of Vn in the oocytes of normal females proceeded at a faster rate than in An. gambiae and the parasite-induced decrease in Vn content occurred earlier Jahan & Hurd, 1998) .
By 48 h PBM, ovarian Vn was reduced by 28.8% in An. gambiae. This is probably explained, at least in part, by the significant increase in the number of resorbing follicles detected in ovaries from P. y. nigeriensis infected An. stephensi Hopwood et al., 2001 ) and An. gambiae (Tunnicliff & Hurd, personal observations).
Blood feeding on uninfected mice 6 days after the first blood meal initiated a second gonotrophic cycle. Mosquitoes, by now harbouring developing oocysts, contained significantly less Vg mRNA than uninfected females until after the peak in transcript levels in this cycle. As expected, titres of circulating Vg were also significantly reduced early in the 2nd gonotrophic cycle. However, this situation was later reversed and, by 24 h, Vg had accumulated to 29.9% above normal levels in infected mosquitoes. This accumulation might be explained by events occurring in the ovary, where significantly less ovarian protein is present at all stages observed (Fig. 4D) . If the ovarian uptake of Vg is partially inhibited, it is likely to accumulate in the haemolymph. Thus a reduction in uptake of Vg could counterbalance a reduction in fat body synthesis and secretion into the haemolymph. Depending on the relative degree of inhibition in each tissue, this could result in a change in circulating Vg titre from a significant reduction to no difference and then, eventually, an increase in titre in infected mosquitoes. This we see in the results presented in Fig. 4C . There was also a trend towards this result during the first gonotrophic cycle, although the differences between infected and uninfected mosquitoes were not significant (Fig. 4A) , probably because the parasite-induced effects were not initiated until midway through the gonotrophic cycle.
Findings from previous studies suggest two possible mechanisms underlying the changes observed in the ovary in this investigation. We have previously observed that the ovarian uptake of Vg in tapeworm-infected beetles occurs more slowly. This has been attributed to a significant decrease in the development of patency of the follicular epithelium cells that results from a parasite-induced competitive inhibition of juvenile hormone binding to these cells (Hurd & Arme, 1987; Webb & Hurd, 1995a,b; . We have some evidence that Vg uptake takes place more slowly in infected mosquitoes because development of the terminal follicles in malaria-infected An. stephensi is retarded compared to uninfected females . In addition, we have observed that a proportion of follicles in infected mosquitoes do not complete their development but are resorbed during the first gonotrophic cycle of An. stephensi Hopwood et al., 2001) and in the first and second gonotrophic cycle in An. gambiae (Tunnicliff & Hurd, unpublished observations). Whichever underlying mechanisms are responsible, it is likely that vitellogenin accumulates in the haemolymph because uptake by the ovaries is reduced.
The reduction in ovarian protein content that occurred during the first and second gonotrophic cycles clearly affected egg total production and fertility; therefore, malaria infection has considerably negative effects upon the reproductive fitness of its vector.
The mosquitoes in our study had high mean intensities of infection compared to mosquitoes in the field, which are usually infected with just one or two oocysts . However, we believe that the changes we observed in Vg transcript levels and Vg and Vn titres were at least qualitatively similar to what would be observed in wild-infected mosquitoes for two reasons. First, a previous study demonstrated that significant reduction in fecundity (17.5%) also occurs in field-caught An. gambiae infected with P. falciparum Second, laboratory infected An. stephensi exhibiting a mean intensity of infection of four oocysts also laid significantly fewer eggs (18% fewer during the first gonotrophic cycle and 27% during the second cycle) than uninfected females . Fecundity reductions of the same order of magnitude are thus produced, despite large differences in parasite burden. In our beetle/tapeworm model some parasite density-dependent effects occurred but a critical threshold is reached at ten metacestodes, above which no further effect is caused (Webb & Hurd, 1996) . It is possible that this phenomenon also occurs in malaria / mosquito infections. Moreover, parasites may employ multiple strategies to affect fecundity reduction, only some elements of which may be density related.
Mosquito reproductive success has been linked to blood meal size (see Clements, 1992) . However, we propose that the parasite-induced effects on vitellogenesis reported here are not due to nutrient deprivation. The blood meal haemoglobin imbibed by mosquitoes fed on gametocytaemic mice with parasitaemias and PCVs similar to those in this experiment is actually elevated in comparison to mosquitoes fed on control mice, and plasma protein levels are unchanged (Taylor & Hurd, 2001 ). Furthermore, protein digestion proceeds normally in infected mosquitoes (Jahan et al., 1999) . Once oocysts are present, it is conceivable that they could compete with the vector for trace-level nutrients. However, we think it is unlikely that our fully engorged infected mosquitoes lacked sufficient protein to mature a complete egg batch because Briegel (1990) calculated that only 19% of the blood meal protein is incorporated into the ovaries during normal vitellogenesis in An. gambiae.
The transcription of mosquito Vg genes is activated in response to a blood meal but the details of their activation have not been completely elucidated. It has been shown that 20-hydroxyecdysone (20-E) stimulates Vg synthesis in An. stephensi and Ae. aegypti (Redfern, 1982; Hagedorn, 1985) . In Ae. aegypti, the action of 20-E, bound to the heterodimeric ecdysteroid receptor/ultraspiracle directly activates transcription of a Vg gene (Martin et al., 2001) . It is not known whether malaria impacts upon this control mechanism to cause a decrease in Vg mRNA abundance. Indeed, our current data do not allow us to determine whether gene transcription rates are down-regulated or mRNA turnover rate increased, or both. Future in vitro studies on the dynamics of fat body Vg synthesis may help to elucidate this, and also to determine whether the effect of the parasite is direct or indirect.
Vg gene promoters have been identified as potentially useful tools for regulating the expression of malaria toxin genes in transgenic mosquitoes (Gwadz, 1994) . This general strategy has now been tested successfully using bacteria-infected transgenic Ae. aegypti expressing a defensin gene from the VgA1 promoter (Kokoza et al., 2000) . With the recent germ-line transformation of An. stephensi (Catteruccia et al., 2000) , it could now be tried in a vector of human malaria. Our work suggests that it would not be rendered less useful in newly infected mosquitoes if the toxin targeted stages prior to the very early oocyst. However, achieving sufficient expression of an inserted foreign gene following a subsequent blood meal might not be as efficient as in an uninfected female. Candidate genes for the production of incompetent vectors should be chosen with this in mind.
Ovarian uptake of Vg does not appear to control fat body synthesis (Van Handel & Lea, 1984; Clements, 1992; Bownes & Reid, 1990) . Nor does the Vg titre in the haemolymph initiate or regulate yolk uptake (see the review by Sappington et al., 1998) . Thus, it is unlikely that a reduction in circulating Vg titres could be responsible for the decrease in Vn accumulation in ovaries of infected females. We postulate that we have observed a parasite-induced modulation of two separate events, namely; impairment of ovary function, partly or wholly as a result of follicle resorption, and a decrease in Vg mRNA levels that leads to a decrease in protein synthesis in the fat body. However, the reduction in the number of follicles and hence the amount of ecdysone secreting tissue may result in a decrease in circulating ecdysone during the latter part of the first gonotrophic cycle and throughout the second gonotrophic cycle postinfection. This could further impact Vg mRNA transcript levels.
Parasite-induced curtailment of reproductive success is common, particularly amongst invertebrate hosts that devote a large amount of their resources to reproduction. This study extends our earlier work on fecundity reduction in P. y. nigeriensis infected An. stephensi , Onchocerca lienalis-infected Simulium ornatum (Renshaw & Hurd, 1994) and Hymenolepis diminutainfected Tenebrio molitor (Hurd, 1998) . In each of these associations, Vg synthesis is reduced, ovarian uptake impaired and follicle resorption induced. This is the first investigation to show an effect of parasites on insect Vg mRNA abundance. This effect may also be observable in the other systems.
Fecundity reduction may be a pathological response by the mosquito to infection. An alternative hypothesis is that fecundity reduction is an adaptive strategy employed by the parasite to manipulate the host, such that more resources are available for the parasite/host complex over a longer period of time. The latter strategy is likely to enhance the probability of parasite transmission (Hurd, 2001) .
Experimental procedures

Mosquito maintenance and Plasmodium infections
Hatched larvae of An. gambiae (KIL) were reared under standardized conditions to produce adults of uniform size (Ahmed et al., 1999) . Access to glucose solution was denied 12 h prior to blood feeding. P. y. nigeriensis Killick-Kendrick (N67), was maintained in CD male mice, as described (Ahmed et al., 1999) . Blood packedcell volume (PCV) was determined immediately prior to mosquito feeding and parasitaemia was assessed in thin blood smears. Only infected mice containing exflagellating microgametocytes (seen in thick blood smears) were used in the study.
Experimental design
Discrete generations of mosquitoes were used to investigate the effect of infection on fecundity, Vg mRNA abundance, Vg © 2001 Blackwell Science Ltd, Insect Molecular Biology, 10, 347-356 haemolymph and ovarian Vn titres. The effect of infection on fertility was investigated as previously described (Ahmed et al., 1999) , except that egg production and hatch rate were investigated following a second, uninfected, blood meal given 6 days after the first, infective, blood meal; thus developing oocysts were present from the beginning of the cycle. The eggs laid by individual infected or uninfected mosquitoes were counted. The larvae that hatched from each of these egg batches were counted and the percentage of eggs that hatched was calculated. Figure 1 shows the protocol used to compare aspects of vitellogenesis. A group of twenty mosquitoes from each experiment was maintained for 8 days post-infection to determine the prevalence and intensity of infection and mosquito body size (wing length measurement as in Ahmed et al., 1999) .
Probes
Vg mRNA abundance was measured using a probe derived from the central 3.3 kb Sal 1 fragment common to all An. gambiae Vg genes cloned into pBluescript II KS -(Stratagene). It hybridizes to a 6.5 kb mRNA, present only in adult females after a blood meal. M13 forward (5′-GT T T TC CCA GTC ACG AC-3′) and reverse (5′-AGC GGA TAA CAA T T T CAC ACA GGA-3′) primers (Pharmacia Biotech) were used to amplify this Vg insert. S7 ribosomal forward (5′-GGC GAT CAT CAT CTA CGT GC-3′) and reverse (5′-GTA GCT GCT GCA AAC T TC GG-3′) primers (Salazar et al., 1993) were used in RT-PCR with total RNA of An. gambiae, extracted from females 24 h PBM to amplify an S7 DNA fragment for labelling. Amplified fragments were randomly labelled with [α-32 P]-dCTP, ≈ 3000 Ci / mmol (ICN) using Ready-To-Go DNA Labelling Beads (-dCTP) (Amersham Pharmacia Biotech).
RNA quantification
Total RNA was extracted from groups of fifteen whole mosquitoes using an Rnaid RNA purification kit (BIO 101) following the manufacturer's instructions. Northern blots were prepared essentially as described (Sambrook et al., 1989) after electrophoresis of 10 µg of total RNA per well (15 µg at 2 h PBM) on formaldehyde agarose gels. They were simultaneously probed with both Vg and S7 DNA probes. Hybridization was carried out overnight at 65 °C in 5 × SSPE containing 5 × Denhardt's solution and 0.5% (w/ v) SDS. Blots were washed in SSPE (up to 0.1×) containing 0.1% SDS (w/ v) at 65 °C and exposed to phosphor screens for 2 h (12 -48 h PBM) or 10 h (2 -8 h post second blood meal) at RT. The screens were scanned using a Molecular Dynamics PhosphorImager 445 SI Scanner, and the Vg mRNA signals in the resulting images quantified using IMAGEQUANT software, following the procedures outlined in the instruction manual. The resulting signals were normalized to those of S7.
Measurement of Vg and Vn concentrations
To produce a standard curve for Vg and Vn quantification immunoassays, protein was extracted from 100 pairs of An. gambiae ovaries as previously described (Renshaw & Hurd, 1994) and the ovarian supernatant dialysed (pore size: 12 -14 kDa) against 100 volumes of 20 mM Tris-HCl, pH 7.5 for 18 h at 4 °C. The concentration of soluble protein was measured using the Coomassie Blue binding assay (Bio-Rad), using bovine serum albumin as a standard. The dialysate was adjusted to 20 µg/µl protein and stored at -80 °C. A sample was subjected to SDS-PAGE analysis, which revealed two predominant subunits of 200 and 66 kDa, as described in Ae. aegypti (Raikhel & Bose, 1988 ; data not shown). Western blots revealed that a polyclonal antibody raised against the Vn of An. stephensi (Jahan & Hurd, 1998) recognizes An. gambiae Vn but not Ae. aegypti Vn (data not shown). Therefore this heterologous antibody could be used in An. gambiae Vg and Vn ELISAs.
Haemolymph was collected from chilled mosquitoes using a precalibrated capillary needle inserted into the thorax below the base of the wing (Renshaw & Hurd, 1994) . Clear haemolymph (0.05 µl) was drawn up and immediately used to measure the Vg concentration. Vn was extracted from the ovaries of the same mosquitoes (Renshaw & Hurd, 1994) . ELISAs, employing an antibody capture assay with indirect detection (Jahan & Hurd, 1998) , were used to measure Vg from the haemolymph of individual mosquitoes and Vn from 5 µl aliquots of ovary supernatant. Protein concentrations were calculated by reference to a standard curve of Vn. Negative, antigen-free controls, were also tested in each assay.
Statistical analysis
Comparisons of mean wing lengths of experimental groups, mean egg production per mosquito and arcsine transformed percentages of eggs hatching were performed using Student's t-test. Initially, means of Vg mRNA abundance were normalized against S7 for each time point of each group during the 1st and 2nd gonotrophic cycles and analysed by two-way ANOVA. Tukey's test was used to compare differences between treatment groups at specific times. In addition, a two-way ANOVA was followed by unplanned paired comparisons between means using Holm's (1979) adjusted P-values as recommended by Wright (1992) for the analysis of data presented in Fig. 3D . When this experiment was repeated, the variances obtained in the second gonotrophic cycle were not homogenous. Therefore these data were compared using Student's t-test for individual pairs (Fig. 3E) . Concentrations of Vg and Vn were compared using the Mann-Whitney U-test with the significance limit set at P < 0.05. All statistical analyses were performed using MINITAB software (Minitab, State College, PA).
